Autotransporters are a widespread family of proteins, generally known as virulence factors produced by Gram-negative bacteria. In this study, the esterase A (EstA) autotransporter of the rice root-colonizing beneficial bacterium Pseudomonas stutzeri A15 was characterized. A multiple sequence alignment identified EstA as belonging to clade II of the GDSL esterase family. Autologous overexpression allowed the investigation of several features of both autotransporter proteins and GDSL esterases. First, the correctly folded autotransporter was shown to be present in the membrane fraction. Unexpectedly, after separation of the membrane fraction, EstA was detected in the N-laurylsarcosine soluble fraction. However, evidence is presented for the surface exposure of EstA based on fluorescent labeling with EstA specific antibodies. Another remarkable feature is the occurrence of a C-terminal leucine residue instead of the canonical phenylalanine or tryptophan residue. Replacement of this residue with a phenylalanine residue reduced the stability of the ␤-barrel. Regarding the esterase passenger domain, we show the importance of the catalytic triad residues, with the serine and histidine residues being more critical than the aspartate residue. Furthermore, the growth of an estA-negative mutant was not impaired and cell mobility was not disabled compared to the wild type. No specific phenotype was detected for an estA-negative mutant. Overall, P. stutzeri A15 EstA is a new candidate for the surface display of proteins in environmentally relevant biotechnological applications.
P
seudomonas stutzeri A15 is a nitrogen-fixing Gram-negative endophytic bacterium, isolated from the roots of paddy rice (56) . The P. stutzeri species is very diverse and constitutes 18 groups, called genomovars (14) . The first sequenced strain of this species is P. stutzeri A1501, which is a reisolate from paddy rice roots after inoculation with P. stutzeri A15 (54) . The availability of this genome sequence suggested the presence of an autotransporter protein called EstA. Both its nature as an autotransporter and its esterase activity are of interest, the latter because esterases are applied in many biocatalytic applications (5) and the former because autotransporters are used as tools for surface display (18) .
Autotransporters are a widespread family of proteins, generally known as virulence factors, produced by Gram-negative bacteria (27) . They are part of the type V secretion system family, hence their alternative name, the type Va secretion system. The type V secretion system represents the simplest and most prevalent secretion apparatus of Gram-negative bacteria. The typical modular structure of an autotransporter consists of a single polypeptide comprising a signal peptide, an N-terminal passenger domain and a C-terminal ␤-barrel domain, necessary for the anchoring of the protein to the outer membrane (9) . Replacement of the original passenger domain by a heterologous protein results in the surface display of the new passenger. The autotransporter-based technology for surface display has already been used in the past for different kinds of proteins (18) .
The GDSL family of serine esterases and lipases was only identified recently (45) . This family is characterized by the absence of the nucleophilic elbow and the presence of a distinct GDSL motif that differs from the classical GxSxG motif, which is common to many lipases. The family consists of five clades, of which clades I and II contain the bacterial GDSL esterases and lipases (1) . A subfamily of the GDSL family was named the SGNH family of hydrolases because of the four important active-site residues present in four blocks of homology (24) . Although an early classification restricted the SGNH family to clade I of the GDSL family (1), clade II was added later on to this family of hydrolases (2) .
Recently, the crystal structure of EstA of Pseudomonas aeruginosa PAO1 was determined. The globular fold in the structure of the passenger domain makes it completely different from other known autotransporter passenger domains, possessing a ␤-helical structure (46) . EstA of P. aeruginosa differs even more from the classical autotransporter since it remains covalently attached to the ␤-barrel domain after translocation to the cell surface (52) . This esterase is one of the best characterized members of clade II of the GDSL family (49) and has already been applied for the surface display of proteins in Escherichia coli (3, 50) . Previous work on autotransporters with a GDSL esterase passenger domain and their use in biotechnological applications has been reviewed (51) .
Here, we characterized the autotransporter esterase A (EstA) of P. stutzeri A15 both physiologically and biochemically. An estAnegative mutant was checked for its cellular mobility and its ability to form biofilms. Furthermore, the expression conditions of estA were examined. At the protein level, we were able to verify several aspects that are distinctive for members of the family of GDSL esterases on the one hand and for autotransporter proteins on the other hand.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All of the bacterial strains and plasmids used in the present study are listed in Table 1 . P. stutzeri A15 was routinely cultured on minimal medium (MMAB) plates (per liter: 5 g of malate, 3 g of K 2 HPO 4 , 1 g of NaH 2 PO 4 , 1 g of NH 4 Cl, 0.3 g of MgSO 4 ·2H 2 O, 0.15 g of KCl, 0.01 g of CaCl 2 , and 0.0025 g of FeSO 4 ·2H 2 O). All E. coli strains were cultured on Luria-Bertani (LB) plates. If necessary, antibiotics were added to the medium in final concentrations of 10 g ml Ϫ1 for tetracycline, 50 g ml Ϫ1 for spectinomycin, and 50 g ml Ϫ1 for kanamycin. For the expression of EstA (and derivatives), Erlenmeyer flasks containing 100 ml of LB and 0.2% L-arabinose (final concentration) were inoculated with about 5 ϫ 10 7 CFU of P. stutzeri A15. Cultures were grown at 30°C and 200 rpm for 24 h without the addition of antibiotics.
Monitoring of growth on different ester substrates (20 M) as a carbon source was performed in a BioscreenC (Labsystems Oy) by measuring the optical density at 600 nm (OD 600 ) every 15 min.
Construction of an estA mutant. PCR with the primers AI2977 and AI2978 (Table 2 ) on genomic DNA of P. stutzeri A15 generated an estA Construction of an estA promoter gusA fusion. The estA promoter region was amplified with PCR using the primers AI4623 and AI4624 (Table 2 ). This fragment was fused to the gusA gene and cloned into pLAFR3, resulting in pLAFR3-P estA -gusA. The construct was verified by sequencing (Macrogen) and mobilized to P. stutzeri A15 by triparental conjugation.
Site-directed mutagenesis of residues in EstA. Primers used for the site-directed mutagenesis are depicted in Table 2 . All mutations were verified by DNA sequencing (Macrogen). Finally, the plasmids were mobilized into P. stutzeri A15 by triparental conjugation.
EstA overexpression and antibody generation. The open reading frame (ORF) of estA was amplified by using the primers AI2647 and AI2648. The resulting PCR fragment was cloned into pET28aϩ at the XbaI/XhoI sites, generating pET28aϩ-estA. Expression was induced at an OD 600 of 0.5 by the addition of IPTG (isopropyl-␤-D-thiogalactopyranoside) to a final concentration of 0.4 mM. Bacterial cells were harvested 3 h after induction. After centrifugation, EstA was extracted from bacterial cells by using a 3% sodium dodecyl sulfate (SDS) buffer. Hereafter, EstA was purified using Ni 2ϩ -NTA agarose (Qiagen) essentially according to the instructions provided by the manufacturer. The purified EstA was used for the generation of a rabbit polyclonal anti-EstA serum (Eurogentec). After testing, the best dilution of the serum appeared to be 1:2,000.
SDS-PAGE and Western blotting. Unless otherwise stated, protein samples were heated for 10 min at 70°C before separation by SDS-PAGE on a 12% polyacrylamide gel (Pierce protein gel; Thermo Scientific) using a running buffer (Tris-HEPES-SDS; 120 V and 75 min at 16°C) and the NuPAGE system (Invitrogen). After electrophoresis, the proteins were transferred onto polyvinylidene fluoride membranes (Invitrogen) by electroblotting (30 V and 50 min at 16°C), and the membranes were incubated with rabbit polyclonal anti-EstA serum. The proteins that reacted with the primary antibody were visualized using alkaline phosphatase-conjugated goat anti-rabbit IgG secondary antibodies (Sigma) (6) .
For the detection of the outer membrane marker protein OprF, crossreacting rabbit polyclonal anti-OmpA serum was used in a 1:12,000 dilution (overall protein sequence similarity of 27% between E. coli K-12 OmpA and P. stutzeri A1501 Op F).
Cell fractionation. Cultures of P. stutzeri were harvested (4,000 ϫ g for 12 min at 4°C) and washed with 10 ml of Tris-buffer (50 mM Tris, pH 8). A 350-mg pellet was stored at Ϫ80°C and thereafter used for cell fractionation. The pellet was resuspended in 14 ml of lysis buffer (50 mM Tris, 10 mM MgSO 4 , 0.4 U of DNase/ml, phenylmethylsulfonyl fluoride; pH 8) after thawing on ice. Sonication (Branson Digital Sonifier 250; three sonication rounds of 4-min intermittent sonication with an amplitude of 20%) on ice disrupted the cells. Subsequently, the cellular debris was removed by centrifugation (4,000 ϫ g for 12 min at 4°C). The supernatant (the total lysate [TL]) was centrifuged (48,000 ϫ g for 1 h at 4°C), resulting in a new supernatant fraction (cytoplasmic and periplasmic fraction [CPP] ). The pellet was washed twice with 1 ml of Tris buffer and resuspended in 1 ml of Tris buffer (total membrane fraction [TM] ). In the case of a separation between the inner membrane and outer membranes, the TM fraction was diluted 14 times in Tris buffer containing 1% N-laurylsarcosine (sarcosyl, final concentration) and incubated for 30 min at 20°C. A final centrifugation step (48,000 ϫ g for 1 h at 4°C) separated the sarcosyl-soluble fraction (SSF), the supernatant, from the pellet containing the outer membrane fraction (OM). The OM was washed twice with 1 ml of Tris buffer and resuspended in 1 ml of Tris buffer. Unless otherwise indicated, TM and OM samples were diluted 14 times before loading them onto SDS-PAGE gels to compare the band intensities over all of the fractions.
Esterase activity assays. Cells were harvested by centrifugation, and the pellet was resuspended in 0.85% NaCl to obtain an OD 600 of 1.5. A 95-l portion of the buffer (100 mM morpholinepropanesulfonic acid, 0.85% NaCl; pH 7) containing 4 mM p-nitrophenyl butyrate was added to 5 l of the bacterial solution. The esterase activity was measured by monitoring the OD 410 at 37°C. For measuring the membrane-bound esterase activity, 5 l of TM fraction was used.
␤-Glucuronidase assays. ␤-Glucuronidase activity was measured quantitatively by using the substrate p-nitrophenyl-␤-D-glucuronide and calculated according to the method of Miller (23) . Qualitative promoter analysis under nitrogen fixation conditions was performed in tubes containing semisolid minimal medium without nitrogen (0.17% agar) and 50 or 500 g of 5-bromo-4-chloro-3-indolyl-␤-D-glucuronic acid/ml at 30°C.
Swimming and swarming. The swimming and swarming behavior of P. stutzeri A15 was examined on plates containing MMAB plus 1% bacteriological peptone and 0.5% agar for the swarm plates and 0.3% agar for the swim plates. A bacterial suspension was dropped onto the plates, which were incubated at 37°C.
Biofilm formation. Biofilm formation was measured quantitatively using the adapted Calgary device (7) . A lid with pegs was placed in a 96-well plate filled with 150 l of medium and 10 l of bacterial suspension. After incubation at a fixed temperature, with or without medium replacement, pegs were developed using crystal violet as described previously (16) . Biofilm formation was measured at an OD 570 .
Fluorescence microscopy and image analysis. Samples (250 l) from P. stutzeri A15 cultures were harvested by centrifugation (3,300 ϫ g for 5 min), and the pellet was resuspended in 18 l of phosphate-buffered saline (PBS) and 2 l of rabbit polyclonal anti-EstA serum. After 1 h of incubation at 20°C, 300 l of PBS was added. The sample was then centrifuged (3,300 ϫ g for 5 min) and washed with another 300 l of PBS. The pellet was resuspended in 18 l of PBS and 2 l of fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG secondary antibody. After 1 h of incubation at 20°C and the addition of 300 l of PBS, the sample was washed twice with 300 l of PBS. Finally, the pellet was resuspended in 100 l of PBS and 0.15% propidium iodide (PI). Samples were kept in the dark for 15 min before analysis with an inverted microscope (Eclipse Ti; Nikon), applying detectors and filter sets for monitoring the FITC and PI. The images were analyzed in ImageJ (MacBiophotonics). Cells with a disrupted cell membrane (i.e., a high PI intensity) were left out of the analysis. For the intact cells, the intensity of the FITC was used to construct frequency-based curves. For each condition, at least 289 intact cells were analyzed.
In silico analysis. A FASTA file of the annotated proteins of P. stutzeri A15 was generated using HAMAP on the Expasy website (http://hamap .expasy.org/). The BOMP server (4) was used to search for outer membrane proteins, which were verified using the HHOmp server (30) (cutoff value of 95%). Sequence patterns were identified by using Geneious (11) .
Multiple sequence alignments were generated in Geneious (11) using the CLUSTAL W algorithm. The alignment was further adapted with the GeneDoc program for publication (26) .
RESULTS
Sequence analysis of estA/EstA. The nucleotide sequence of the estA gene of P. stutzeri A15 consists of 1,911 bp and is not part of an operon structure. A putative Shine-Dalgarno sequence (AGGAG) is situated 8 bp upstream of the GTG start codon, and many putative RpoN consensus sequences (GGN 10 GC) were identified. The gene encodes for a preprotein of 636 amino acids. The P. stutzeri A15 autotransporter protein (ABP80765), EstA, shares 48% identity with the amino acid sequence of the well-characterized P. aeruginosa EstA (AAB61674) (46, 49, 52) . In silico analysis using SignalP and the NCBI Conserved Domains server recognized the presence of a 23-residue long N-terminal signal peptide sequence, an Nterminal situated passenger domain, a GDSL hydrolase domain, and a C-terminal located autotransporter ␤-barrel domain. An ␣-helical linker domain connects the passenger domain and the ␤-barrel domain (Fig. 1A) .
Construction and phenotypic characterization of an estA mutant. An estA mutant of P. stutzeri A15 was constructed by replacement of an internal fragment of the estA gene by a kanamycin resistance marker. Western blot analysis of the TM fraction derived from the A15 wild type and estA mutant (see Fig. S1A in the supplemental material) confirmed the PCR-based verification of the estA mutant. Western blot analysis showed that the expression of the protein in wild-type A15 is low under the conditions tested and is clearly absent in the estA mutant. Moreover, comparison of the esterase activity of the TM fractions revealed a significant difference between the wild type and the estA-negative P. stutzeri A15 (see Fig. S1B in the supplemental material).
Growth experiments did not reveal any growth differences between the wild-type and the estA-negative P. stutzeri A15 on MMAB, LB, or minimal medium with different esters as a carbon source. Both strains showed minor growth on (Ϫ)-ethyl-L-lactate, ethyl hexanoate and ethyl caprylate but were not able to grow on minimal medium with several other ester substrates as a carbon source (data not shown). To further assess the impact of knocking out the estA gene, the estA mutant was compared to the wild-type strain for cell motility and biofilm formation. These characteristics, i.e., less motility and less biofilm formation for the estA mutant, have been demonstrated for the well-studied P. aeruginosa estA mutant (49) . However, no differences could be observed between the wild-type A15 and the estA mutant for swimming or swarming. The impact on biofilm formation could not be tested since neither the P. stutzeri A15 wild type nor the estA-negative mutant showed reproducible biofilm formation under various conditions tested (data not shown).
Analysis of estA expression. Previously, the estA gene was shown to be upregulated 2.4-fold in a global transcriptional analysis under nitrogen fixation conditions. However, that study did not detect a downregulation in the case of nitrogen excess conditions (53) .
In order to further unravel the expression of the estA gene, the estA promoter was fused to the gusA gene, resulting in pLAFR3-P estA -gusA. The glucuronidase activity of P. stutzeri A15(pLAFR3-P estA -gusA) was tested in both LB and MMAB at different points of the growth phase. In none of these conditions was glucuronidase activity detected. Furthermore, the estA promoter activity was tested under nitrogen fixation conditions. No blue color could be (2) . "o" and "OE" symbols indicate the residues of the catalytic triad and oxyanion hole, respectively. The ␣-helical region is indicated by an "␣" underneath the alignment. This region was determined based on the crystal structure of EstA from P. aeruginosa (46) . Strains: PSEstA, Pseudomonas stutzeri A15 EstA (ABP80765); PAEstA, Pseudomonas aeruginosa PAO1 EstA (AAB61674); XVEstE, Xanthomonas vesicatoria EstE (AAP49217); PLLipI, Photorhabdus luminescens LipI (CAA47020); STApeE, Salmonella enterica serovar Typhimurium ApeE (AAC38796); SLEstA, Serratia liquefaciens EstA (AAO38760).
observed, a result indicative of an undetectable promoter activity under this condition (data not shown).
Comparative analysis of EstA of P. stutzeri A15. Based on a multiple sequence alignment with autotransporters belonging to clade II of the GDSL esterase family, the A15 autotransporter EstA was classified as a member of clade II and thus included in the SGNH superfamily (2) . Figure 1B shows the multiple sequence alignment where all consensus blocks characteristic for clade II of the GDSL family (labeled I, II, III, IIIa, and V) have been boxed (2) . In addition, the residues of the catalytic triad (S37, H307, and D304) and the oxyanion hole (S37, G116, and N164) have been marked (residue numbering starting at the GTG start codon).
The C-terminal amino acid residue of the A15 EstA is a leucine residue. This is remarkable since it was shown that the C terminus of autotransporters share a conserved motif that ends with either a tryptophan or a phenylalanine residue (17, 22) . Examination of the C-terminal residue of 17 EstA homologues in Pseudomonas spp. revealed that all except three homologues contained a C-terminal phenylalanine residue. Only the amino acid sequences of the EstA homologues of the closely related P. stutzeri LMG11199 and P. stutzeri DSM4166 and the homologue of Pseudomonas mendocina NK-01 share a leucine residue at the C terminus (see Table S1 in the supplemental material).
Furthermore, the C-terminal signature sequence of different (putative) outer membrane proteins of P. stutzeri A15 was verified (Fig. 2) . As expected, most of the inspected outer membrane proteins have a phenylalanine as the C-terminal residue. Remarkably, however, a leucine residue replaces as frequently as a tryptophan residue the canonical C-terminal phenylalanine residue. In addition, the C-terminal signature sequences fall apart in two distinct categories. The first category of analyzed sequences follows the classical signature sequence for outer membrane ␤-barrels as previously identified (39, 44) . This sequence motif consists of a phenylalanine (or tryptophan) residue as the C-terminal amino acid, a tyrosine or a hydrophobic residue at position 3, and hydrophobic residues at positions 5, 7, and 9 starting from the C terminus ( Fig. 2A) . The new category contains a tyrosine at position 6 and hydrophobic residues at positions 2, 4, 8, 9, and 10 starting from the C-terminal end (Fig. 2B) .
Cloning and expression of estA. The estA gene was cloned in pHERD26T. The pHERD vector series are p BAD -based shuttle vectors for the expression of genes in Pseudomonas spp. (28) . After the construction, pHERD26T-estA was conjugated to P. stutzeri A15. This strain allowed the EstA protein to be expressed at a level sufficient for biochemical analysis. After the optimization of the expression conditions, we compared the viabilities of the wildtype A15, the wild-type strain containing the empty pHERD26T vector, and the wild-type strain containing the pHERD26T-estA vector. Hereto, after 24 h of induction, culture samples were plated out, and CFU were counted. Cultures were also stained with PI. No significant differences between the different strains could be found for these experiments (data not shown).
Cellular localization and proper folding of EstA. To investigate the presence of EstA in the membrane fraction, membranes were prepared from P. stutzeri A15(pHERD26T-estA). A Western blot analysis with anti-EstA antibodies showed the clear occurrence of EstA in the TL and the TM fractions. In the CPP fraction, only a small amount of EstA could be detected. An identical Western blot but developed with anti-OmpA antibodies revealed that the majority of the outer membrane marker protein OprF was present in the membrane fraction although a small but detectable amount could still be found in the CPP fraction (see Fig. S2 in the supplemental material).
To examine the folding of the EstA protein in the TM fraction, the heat modifiability was tested. The TM fraction of P. stutzeri A15(pHERD26T-estA) was incubated at different temperatures during the sample preparation for SDS-PAGE. Using Western blotting with anti-EstA antibodies, the EstA protein could be visualized as three bands with different apparent molecular masses (Fig. 3A) . The upper band, ϳ90 kDa, represents the entirely unfolded protein. The middle band of ϳ75 kDa, which becomes visible when lowering the incubation temperature to 60°C, represents EstA with a correctly folded ␤-barrel. However, when the incubation temperature was decreased even more, the lower band of ϳ55 kDa became the predominant form of EstA. The most obvious explanation is that it represents EstA with both the passenger and the ␤-barrel in a correctly folded state. Altogether, this indicates that EstA in the TM fraction is in its native conformation.
In order to separate the inner and the outer membrane fractions after membrane preparation, the detergent sarcosyl was applied. This detergent is used to achieve a selective solubilization of the inner membrane proteins (13) . Surprisingly, the EstA protein could be detected in the SSF fraction, but it was almost completely absent in the OM fraction. In contrast, the outer membrane marker protein OprF could be detected in the OM fraction (see Fig. S2 in the supplemental material) . To confirm the results, the initial centrifugation step for the removal of cell debris was replaced by a centrifugation step at 14,800 ϫ g. Also, the subsequent centrifugation steps at 48,000 ϫ g were replaced with ultracentrifugation steps at 140,000 ϫ g to optimize the separation of the (4) and verified using HHOmp (30) with a cutoff value of 95%. Sequence patterns were constructed in Geneious (11) . (A) Thirty-one OMPs containing the classical Cterminal signature sequence for OMPs with hydrophobic residues at positions 3, 5, 7, and 9 relative to the C-terminal residue. Apart from the classical phenylalanine or tryptophan residue (39), the C-terminal residue can be a leucine residue in P. stutzeri A15. (B) Ten OMPs of P. stutzeri A15 containing an alternative C-terminal signature sequence with hydrophobic residues at the positions 2, 4, 6, 8, 9, and 10 relative to the C-terminal residue. Again, the C-terminal amino acid can be a leucine residue. (Fig. 4) . These results confirmed the earlier results that EstA is present in the SSF fraction, although OprF was mostly present in the OM fraction. Together, these data show that EstA is present in the total membrane (TM) fraction of P. stutzeri A15 but that it can be extracted using the detergent sarcosyl. Characterization of the sarcosyl solubility of EstA. To further evaluate the effect of sarcosyl on EstA stability, different concentrations of sarcosyl were added to the TM fraction of P. stutzeri A15(pHERD26T-estA) prior to sample preparation for SDS-PAGE. Hereafter, Western blotting was conducted with anti-EstA antibodies (Fig. 5A) . The EstA is visible as two bands. In the absence of sarcosyl, the upper band is present, representing the fully denatured protein. When the concentration of sarcosyl increases, a remarkable shift takes place to the middle band, which represents EstA with a correctly folded ␤-barrel.
To test the nature of this effect, proteins in the TM fraction were denatured by SDS and heating prior to the addition of sarcosyl and preparation of samples for SDS-PAGE. In contrast to the untreated TM fraction, where EstA was present as the middle band in the presence of sarcosyl, the EstA in the denatured samples could only be detected as the upper band (Fig. 6) .
Role of the C-terminal leucine. Since the C-terminal phenylalanine has been implicated in the stability of outer membrane proteins (10), we changed the C-terminal leucine residue into a phenylalanine residue (pHERD26T-estA L636F) and tested the stability of the EstA mutant by assessing the heat modifiability (Fig. 3B) . The shift in electrophoretic mobility is seen at a lower temperature compared to the wild-type EstA (Fig. 3A) , indicating a lower stability of the ␤-barrel. As expected, no difference is observed in the shifting temperature between the middle and the lower band, which presumably means that the stability of the passenger domain is not affected.
Furthermore, the effect of the addition of different percentages of sarcosyl to the TM fraction of P. stutzeri A15(pHERD26T-estA L636F) was examined. Compared to the wild-type EstA, the shift from the upper band to the lower band was observed at much higher concentrations (Fig. 5) . This result could indicate a lower stability as well as a decreased sarcosyl solubility. Therefore, SSF and OM fractions were prepared from both P. stutzeri A15(pHERD26T-estA) and P. stutzeri A15(pHERD26T-estA L636F) using different concentrations of sarcosyl. The results did not show a difference in sarcosyl solubility between wild-type EstA A15(pHERD26T-estA) (A) and P. stutzeri A15(pHERD26T-estA L636F) (B). TM fractions were prepared for SDS-PAGE but incubated at different temperatures. After SDS-PAGE, Western blotting was performed with anti-EstA antibodies.
FIG 4
Sarcosyl solubility of EstA from P. stutzeri A15(pHERD26T-estA). Proteins of the total lysate (TL), the cytoplasmic and periplasmic (CPP) fraction, the total membrane (TM) fraction, the sarcosyl soluble fraction (SSF), and the outer membrane (OM) fraction were prepared by ultracentrifugation (see the text) and analyzed with SDS-PAGE. Subsequently, Western blotting was performed with anti-EstA (upper part) and anti-OmpA (lower part) antibodies. EstA and OprF are indicated with arrows. and EstA L636F (see Fig. S3 in the supplemental material), indicating that the observed effects upon addition of sarcosyl are likely due to a lower stability of EstA L636F compared to the wild-type EstA. Together, these data reveal that replacement of the C-terminal leucine residue into the more canonical phenylalanine residue decreases the stability of the EstA ␤-barrel.
Examination of the surface exposure of EstA. The surface exposure of EstA was verified by fluorescent labeling of EstA on intact cells of P. stutzeri A15 and P. stutzeri A15(pHERD26T-estA). After growth, the cells were probed with polyclonal anti-EstA antibodies and then fluorescently labeled using FITC-conjugated anti-rabbit IgG antibodies. In addition, cells were stained with PI to be able to discriminate cells with a damaged membrane structure in the analysis. Representative fluorescence images were analyzed using ImageJ. The fluorescence intensity of individual cells on representative images was measured and used to construct frequency-based curves (Fig. 7) . These curves show a clear shift toward higher intensities with P. stutzeri A15(pHERD26T-estA) compared to P. stutzeri A15 and P. stutzeri A15(pHERD26T). This result indicates the cell surface display of at least a part of the expressed EstA in cells with intact membranes.
Mutational analysis of the catalytic triad of the esterase. Since A15 EstA is a member of clade II of the bacterial GDSL esterases, the esterase activity of the protein was investigated. Initial experiments with A15(pHERD26T-estA) revealed an esterase activity that was cell associated and not secreted into the culture supernatant (see Fig. S4 in the supplemental material) . Further, the role of the different residues in the putative catalytic triad (Fig.  1) , was investigated by site-directed mutagenesis. Starting from pHERD26T-estA, three different mutations were introduced replacing the catalytic serine, aspartate, and histidine residues into the more inert alanine, alanine, and leucine residues, respectively.
After conjugation to P. stutzeri A15, the stability of the mutant proteins in the TM fraction was tested by assessing the heat modifiability (Table 3 ). The shift from the lower band to the middle band, presumably indicative for the passenger domain stability, occurred at lower temperatures for all mutant proteins compared to the wild-type EstA. As expected, no differences could be observed in stability of the ␤-barrel domain of the mutant proteins. Furthermore, the effect of addition of sarcosyl was verified but no differences could be observed between the wild-type and mutant EstA proteins (data not shown).
The esterase activities of both TM fractions and intact cells expressing the wild-type EstA or a mutant protein were compared, using p-nitrophenyl butyrate as a substrate (Fig. 8) . Although the picture is similar, differences are most pronounced for the TM fractions. The activity of all TM fractions derived from cells exposing a mutant version of the protein at their cell surface is lowered compared to cells expressing the wild-type EstA. The activity of S37A and H307L mutants is reduced drastically compared to the wild-type EstA and drops to the level of the activity of the negative control. However, the D304A mutant still showed a significant higher esterase activity than the negative control, although the activity is also severely affected in regard to the wildtype EstA.
DISCUSSION
In this study we have studied physiological and biochemical aspects of the autotransporter EstA of P. stutzeri A15. In order to a TM fractions were prepared for SDS-PAGE but incubated at different temperatures. After SDS-PAGE, Western blotting was performed using anti-EstA antibodies. The temperatures at which the passenger domain or the ␤-barrel becomes unfolded are indicated. The shift of the lower band (ϳ55 kDa) to the middle band (ϳ75 kDa) was scored as the unfolding of the passenger domain. The ␤-barrel unfolding temperature was characterized by the shift of the middle band (ϳ75 kDa) to the upper band (ϳ90 kDa).
FIG 8 Relative esterase activity of whole cells (open bars, lowercase) or total
membrane fractions (gray bars, uppercase) of P. stutzeri A15(pHERD26T) (Ϫ), P. stutzeri A15(pHERD26T-estA) (EstA), P. stutzeri A15(pHERD26T-estA S37A) (S37A), P. stutzeri A15(pHERD26T-estA D304A) (D304A), and P. stutzeri A15(pHERD26T-estA H307L) (H307L), using p-nitrophenyl butyrate as a substrate. The data represent the means of three independent repeats Ϯ 95% confidence intervals. The significance level (P Ͻ 0.05) as determined with a Student-Newman-Keuls test is indicated with a letter code.
define a physiological role for EstA, an estA-negative mutant was constructed. In accordance with the GDSL esterase autotransporter-negative mutants of P. aeruginosa (49) , Moraxella catarrhalis (43) , and Serratia liquefaciens MG1 (31), this P. stutzeri A15 mutant strain did not show general growth defects compared to the wild-type A15 strain. P. aeruginosa rhamnolipid-dependent cellular motility and biofilm formation are affected in an EstAdeficient mutant (49) . Although the rhamnolipid synthesis genes are absent in P. stutzeri A15, these phenotypic traits were tested for the EstA-deficient A15. Both the P. stutzeri A15 wild type and the estA-negative mutant did not generate biofilm under the examined conditions. On the other hand, cell motility was shown to be unaffected in the estA-negative mutant, as is the case for the estAnegative mutant in S. liquefaciens MG1 (31). Also, for an estPnegative mutant of Pseudomonas putida KT2440, no phenotypic difference with the wild-type strain was observed (34, 51) . Based on our results, it can be concluded that the estA gene is not essential for growth and exhibits a low but detectable expression under standard laboratory conditions. Therefore, we addressed the question under which physiological conditions EstA is relevant for A15. A global transcriptional analysis of nitrogen fixation showed the estA gene as one of the upregulated genes (53) . In spite of this, a promoter fusion could not confirm the promoter activity under these conditions. Overall, the EstA autotransporter is most likely necessary in a specific in vivo situation. The presence of genes encoding type V secretion systems in most endophytes points in this direction (29) . Comparably, almost all autotransporter proteins, such as EstA of P. aeruginosa, are virulence-related factors in pathogenic bacteria (9) .
The autologous overexpression of EstA allowed us to investigate different aspects typical for members of the family of GDSL esterases on the one hand and for autotransporter proteins on the other hand. Importantly, the expression of the autologous EstA at moderate levels did not have a detrimental effect on the cell viability of A15.
We showed that EstA is part of the total membrane fraction. In this fraction, we verified the heat modifiability of the ␤-barrel domain. ␤-Barrels are characterized by their extreme stability in the presence of SDS. Denaturation normally takes places when the temperature is raised in combination with SDS, resulting in different electrophoretic mobilities between the correctly folded and denatured forms (25) . This general characteristic for ␤-barrel proteins is also frequently used to assess the folding state of autotransporter translocator domains (15, 33, 37, 40, 48) . Next to this, we discovered a third form of EstA showing a different electrophoretic mobility. The most logical explanation for this extra form, is a heat modifiability of the passenger domain. A similar phenomenon was observed by Szabady et al. for EspP. At lower incubation temperatures, EspP migrates as a diffuse band, and this was assigned to the conformational variance of the passenger domain of EspP (40) .
In an attempt to further confirm the cellular location, we came across the sarcosyl solubility of the EstA. To our knowledge, this is the first characterization of a sarcosyl soluble outer membrane protein. This detergent is known to solubilize selectively the inner membrane (and inner membrane proteins) of E. coli (13) . However, its use is more general since it has also been used to purify the outer membrane proteins of P. stutzeri strains (41) and is also used to solubilize the inner membrane in autotransporter-based research (19, 35 ). An unspecific negative effect of sarcosyl on the cell envelope of P. stutzeri A15 cannot explain our results since the outer membrane marker protein OprF could be clearly visualized in the outer membrane fraction. In support of our finding, sarcosyl has been shown to remove several minor proteins from the outer membrane of E. coli compared to sucrose gradient centrifugation (8) .
The C-terminal signature motif as identified for outer membrane proteins of E. coli ends with either a tryptophan or a phenylalanine residue (39) . Our results demonstrate that this motif is not entirely identical in P. stutzeri A15. Among other outer membrane proteins in A15, EstA contains a leucine residue at the C terminus. This is in line with the finding that the C-terminal sequence shows a species specificity (32) . Altering the C-terminal leucine residue into the more canonical phenylalanine residue decreased instead of increased the stability of EstA. This is in contrast with the results obtained for the trimeric autotransporter YadA of Yersinia enterocolitica. Here, substitution of the C-terminal tryptophan into a phenylalanine residue did not have an effect on trimeric stability or biogenesis of the protein (21) . By looking into the C-terminal region of different (putative) outer membrane proteins of P. stutzeri A15 in more detail, we found a variation in the previously identified C-terminal signature sequence (21, 32) . Instead of the appearance of hydrophobic residues at positions 3, 5, 7, and 9 starting from the C terminus, these residues could also be present at the positions 2, 4, 6, 8, and 10.
Apart from the autotransporter characteristics, the passenger domain was studied. Instead of the ␤-helical fold, present in most autotransporter passenger domains, the crystal structure of the closely related EstA of P. aeruginosa revealed a passenger domain with a completely different secondary structure (46) . This autotransporter is also atypical in another way since it is not cleaved off after translocation to the cell surface (49, 52) . We could also show this feature for EstA of P. stutzeri A15 since no esterase activity was detected in the culture supernatant. Furthermore, the crystal structure of the P. aeruginosa EstA provided insight into the catalytic triad of this enzyme and all members of clade II of the GDSL esterases, to which the A15 EstA belongs. To our knowledge, however, the catalytic triad of E. coli thioesterase I (TAP), a member of clade I of the GDSL family, is the only bacterial catalytic triad for which there is mutational evidence (20) . Furthermore, the catalytic activity of the serine residue in the P. aeruginosa EstA catalytic triad was confirmed by mutational analysis (49) . Our mutational analysis confirmed experimentally that S37, D304, and H307 are the catalytic triad residues. In addition, the data revealed the involvement of the residues of the catalytic triad in the stability of the passenger domain. The serine and histidine residues are absolutely necessary for the catalytic function of the protein, the aspartate residue is of less importance. These findings are partly in accordance with the results for E. coli thioesterase I (TAP) (20) . For this enzyme it was shown that the histidine residue was the most important, and a small residual activity in the serine mutant could be shown. Also, the aspartate residue was not essential.
On the whole, these results make EstA of P. stutzeri A15 a suitable candidate for surface display of proteins in biotechnological applications with environmental relevance. In addition, P. stutzeri strains represent good candidates for use in such conditions since they have been shown to be involved in many environment-related processes (14) .
